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SOLAR ELECTRIC SPACE M I S S I O N  ANALYSIS 
Progress  Report f o r  t he  Period 1 June through 31 December 1966 
ABSTRACT 
Supplemental t o  the  Basic Program of Aerospace 
Systems and Mission Analysis  Research, s t u d i e s  of s o l a r  e l e c t r i c  
space missions have been undertaken t o  a s s i s t  the  Jet  Propuls ion 
Laboratory i n  e s t a b l i s h i n g  the  a p p l i c a b i l i t y  of s o l a r  powered 
e l e c t r i c  rocke t  propel led  spacec ra f t  t o  s o l a r  system exp lo ra t ion .  
This  work was undertaken under separate c o n t r a c t  a t  the r eques t  
of t he  Electric Propuls ion Sec t ion  of OART, NASA Headquarters. 
Ea r ly  r e s u l t s  have provided a check on some s o l a r  
powered electric rocke t  propel led Mars o r b i t e r  missions i n  the  
1971-79 t i m e  per iod  t h a t  r e s u l t e d  from a r e c e n t  s tudy  by Hughes 
A i r c r a f t  Company. 
Pre l iminary  r e s u l t s  f o r  a s o l a r  e lectr ic  J u p i t e r  
f l y b y  i n  an i n i t i a l  mode of h e l i o c e n t r i c  t r a n s f e r  have been 
obta ined  . 
Other prospec t ive  s o l a r  electric missions are be ing  
considered . 
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SOLAR ELECTRIC SPACE MISSION ANALYSIS* 
Progress  Report f o r  the Period 1 June through 31 December 1966 
I. INTRODUCTION 
A. General 
Following meetings and discussions du r ing  the  f i r s t  q u a r t e r  
of 1966, r e s e a r c h  on s o l a r  e l e c t r i c  space missions was i n i t i a t e d  on 
1 A p r i l  as a p a r t  of t he  Basic ASMAR Program and subsequently covered 
by s e p a r a t e  c o n t r a c t  on 1 June 1966. 
Work w i l l  be c a r r i e d  ou t  i n  d i r e c t  a s s i s t a n c e  t o  the  Jet 
Propulsion Laboratory and the E l e c t r i c  Propulsion Sec t ion ,  Of f i ce  of 
Advanced Research and Technology, NASA Headquarters i n  t h e i r  e f f o r t s  
t o  e s t a b l i s h  t h e  use fu lness  of s o l a r  e lectr ic  propuls ion,  e s p e c i a l l y  
f o r  solar system e x p l o r a t i o n ( l , 2 )  .** 
The ASMAR Program w i l l  a t tempt  t o  provide computer programs 
based on a phys ica l  understanding of t he  h e l i o c e n t r i c  and p l a n e t o c e n t r i c  
phases of s p a c e f l i g h t  t r a j e c t o r i e s .  The programs w i l l  be formulated 
f o r  realist ic missions and systems parameters and w r i t t e n  us ing  theore-  
t i c a l  and numerical a n a l y s i s  techniques t o  give a wide f l e x i b i l i t y  and 
e f f e c t i v e n e s s  i n  computer usage. While some mission r e s u l t s  w i l l  be 
forthcoming from our  work, t h e  primary emphasis w i l l  be placed on 
a s s u r i n g  the use fu lness  and proving the  range of the programs. Resu l t s  
/ 
* 
This r e s e a r c h  is  being supported by the  Launch Vehicles and Propulsion 
Programs Divis ion,  Of f i ce  of Space Science and App l i ca t ions ,  NASA Head- 
q u a r t e r s .  M r .  J .  W. Haughey of t h a t  Divis ion and M r .  J. P. Mullin of the 
Elec t r ic  Propuls ion Sect ion,  Office of Advanced Research and Technology, 
NASA Headquarters are Program and Technical Monitors. M r .  J. W. S t ea rns  
is o u r  c o n t a c t  a t  t he  Jet  Propulsion Laboratory. 
** 
Arabic  numbers i n  parentheses  i n d i c a t e  r e fe rences  l i s t e d  i n  APPENDIX A. 
5 .  
from our i n i t i a l  e f f o r  s dur ing  the per iod  of t h i s  r e p o r t  (1 June through 
31 December 1966) a r e  given i n  the  s e c t i o n s  t h a t  fol low.  
B. Personnel 
The assignment of ASMAR personnel  ( s ee  APPENDIX B) t o  the  S o l a r  
E l e c t r i c  Mission Studies  w i l l  be l imited f o r  the  most p a r t  t o  c e r t a i n  
f a c u l t y  and s t a f f  members. Both M r .  J. P. Layton and Professor  P. M. Lion 
w i l l  be involved as w i l l  D r .  C. N. Gordon on subcont rac t  from RCA-AED 
and M r .  J. H. Campbell, who was  assigned t o  the  ASMAR Program near  the  
c l o s e  of t h i s  per iod by AMA. 
c o n s u l t a n t s  w i l l  be used as necessary.  
Other AMA personnel  as w e l l  as o t h e r  
M r .  G. A .  Hazelr igg,  Jr., a Ph.D. candidate  i n  the  Program 
who has  been ca r ry ing  out  t h e s i s  research  on optimal p l a n e t o c e n t r i c  
maneuvers, i s  v i s i t i n g  the  J e t  Propuls ion Laboratory f o r  a six month 
pe r iod  t o  a s s i s t  them and provide l i a i s o n .  
C.  Pr ince ton  Univers i ty  Computer Center  
The Pr ince ton  Un ive r s i ty  Computer Center  provides  e s s e n t i a l  
suppor t  t o  the ASMAR Program i n  s a t i s f y i n g  our  needs f o r  r a t h e r  ex tens ive  
computations.  Charges are covered i n  the Un ive r s i ty ' s  i n d i r e c t  expenses. 
The Un ive r s i ty  has been n o t i f i e d  t h a t  i t  w i l l  be requi red  t o  i n s t i t u t e  
d i r e c t  charging f o r  a l l  computing u n l e s s  i t  can demonstrate a c l e a r  
advantage t o  the  government by r e t e n t i o n  of t he  p r e s e n t  o r  some a l t e r n a t i v e  
method. 
so t h e s e  developments are be ing  c l o s e l y  watched. 
D i r e c t  charging would have a g r e a t  e f f e c t  on the  ASMAR Program 
6. 
11. SPACEFLIGHT TRkTECTORY ANALYSIS 
The s p a c e f l i g h t  t r a j e c t o r y  a n a l y s i s  work on the  So la r  E l e c t r i c  
Mission S tud ie s  has so f a r  cons is ted  p r imar i ly  of the  development of two 
programs. 
The f i r s t  of these  programs, developed by D r .  Col in  N. Gordon, 
i s  an opt imiza t ion  program f o r  two-dimensional, h e l i o c e n t r i c  t r a j e c t o r i e s .  
It is  capable  of ope ra t ing  i n  t h e  rendezvous or f l y b y  modes. 
l a w  may be e i t h e r  cons t an t ,  s o l a r  e l e c t r i c  o r  o ther .  
d e r i v a t i v e s  are used for the  d i f f e r e n t i a l  c o r r e c t i o n s .  
p r e s e n t l y  running,  has checked o ther  programs independently developed, 
and has y ie lded  i n i t i a l  r e s u l t s .  The program's most remarkable f e a t u r e  
i s  the  r a d i u s  of convergence. It has no t roub le  converging w i t h i n  m i s s  
d i s t a n c e s  of one-half  A.U.  and i n  c e r t a i n  cases  has converged from a 
m i s s  d i s t a n c e  of over 1 A.U. The t r a j e c t o r y  c a l c u l a t i o n s  are very  r a p i d ,  
and the  program is  capable  of sweeping va r ious  parameters au tomat ica l ly ;  
e .g . ,  j e t  v e l o c i t y ,  power l e v e l ,  e t c .  
The power 
Ana ly t i ca l  p a r t i a l  
This  program is  
The second program be ing  developed under t h i s  c o n t r a c t  i s  the  
I T E M  n-body i n t e g r a t i o n .  Personnel working on t h i s  program a r e  M r .  Leon 
Lef ton  and M r .  John Campbell under subcont rac t  from AMA. 
I n  a d d i t i o n  t o  n-body i n t e g r a t i n g  t h i s  program con ta ins  s e v e r a l  
o t h e r  f e a t u r e s  such as solar pressure ,  shadow l o g i c ,  etc. The p r i n c i p a l  
changes and a d d i t i o n s  t o  the  program dur ing  t h i s  per iod  were: 
( a )  the  a d d i t i o n  of programmed t h r u s t i n g  c a p a b i l i t y ,  
and (b) s i m p l i f i c a t i o n .  
111. LAUNCH VEHICLE CONSIDERATIONS 
7. 
I n  the  So la r  E l e c t r i c  Missions S tud ie s  s p e c i f i c  launch 
v e h i c l e s  w i l l  be considered and t h e i r  s p a c e c r a f t  payload 
mass/hyperbolic excess v e l o c i t y  c a p a b i l i t y  optimized f o r  t he  
va r ious  mission requirements.  
Copies of t he  OSSA Launch Vehicles  Es t imat ing  Fac to r s ,  
November 1966 have been made a v a i l a b l e  t o  t h e  ASMAR Program. 
The curves shown on FIGURE 1 were taken from t h i s  source f o r  
launch v e h i c l e s  t h a t  may be used i n  the missions where s o l a r  
e l e c t r i c  propuls ion  systems are app l i cab le .  

9. 
I V .  SOLAR ELECTRIC PROPULSION SYSTEMS 
C h a r a c t e r i s t i c s  of t he  s o l a r  electric propuls ion  systems 
t h a t  are being used i n  our mission s t u d i e s  de r ive  from the  s t u d i e s  
sponsored by the  Jet  Propuls ion Laboratory dur ing  1965 on s o l a r  
a r r a y s  (The Boeing Company), e l e c t r i c  propuls ion  systems (E lec t ro -  
Op t i ca l  Systems, Inc . ) ,  and s o l a r  powered e l e c t r i c  propuls ion  
s p a c e c r a f t  (Hughes A i r c r a f t  Company) dur ing  1965. The Hughes 
Program Summary Report (3) provides the primary source of back- 
ground information f o r  our e f f o r t s ;  however, all s o l a r  electric 
propuls ion  system parameters a r e  be ing  provided by JPL and 
approved by Headquarters . 
. -  
10. 
V. SOLAR ELECTRIC MISSION ANALYSIS 
During the  per iod of t h i s  r epor t  some i n i t i a l  work w a s  
accomplished whi le  t he  computer programs based on opt imiza t ion  a n a l y s i s  
are being w r i t t e n  and brought t o  use fu lness .  
A. Mars Orb i t e r  Check 
The ITEM program was used t o  check the  Hughes' r e s u l t s  (3) 
f o r  t he  Mars o r b i t e r  w i th  the  prel iminary resu l t s  shown on TABLES I 
through V-and FIGURES 2 through 6. 
t he  Hughes d a t a ,  bu t  because of incompleteness t h e r e i n  no d e f i n i t i v e  
check w i l l  be sought. The cases  a r e  be l ieved  not  t o  be opt imal  from 
a number of s t andpo in t s .  
t h e s e  r e s u l t s .  
These show a s u b s t a n t i a l  check of 
No f u r t h e r  e f f o r t s  w i l l  be made t o  check 
B. J u p i t e r  Flyby Resu l t s  
The pre l iminary  r e s u l t s  of a p a r t i a l l y  opt imiz ing  program 
a p p l i e d  t o  the  solar-powered e l e c t r i c - p r o p e l l e d  J u p i t e r  f l yby  mission 
i n  an  i n i t i a l  mode are given below us ing  
launch veh ic l e .  E l e c t r i c  power from the  s o l a r  a r r a y  i s  taken t o  vary  
a s  R . The E a r t h  depa r tu re  condi t ions  were s p e c i f i e d  f o r  the most 
p a r t  and the  two dimensional h e l i o c e n t r i c  t r a j e c t o r y  between c i r c u l a r  
o r b i t s  a t  1 and 5.2 A.U. was computed t o  provide an  optimum mating 
of  t h e  launch v e h i c l e  and s o l a r - e l e c t r i c  s p a c e c r a f t  t o  g ive  maximum n e t  
s p a c e c r a f t  mass f o r  t he  given f l i g h t  t i m e .  
an  A t l a s  (SLV3C)/Centaur 
-1.7 
A summary l i s t i n g  of data  and r e s u l t s  f o r  t h i s  i n i t i a l  
mode of the  s o l a r  e lectr ic  J u p i t e r  f l yby  is  given on page 21. 
P -  11. 
W 
m 
' w  
Ll 
aJ 
D 
6 
? 
0 a m m 
N 
0 
m .ui 0 
4 0 0  
0 0 0  
I I 
I 
m 
hl 
a3 
0 
h 
l n t  
hl 
0 
I 
0 0  
h l M d  l2 
H 
a 
m m 
\D 
W 
rl 
.rt 
hl 
rr) 
W . e 
I 
-rll l-4 l-i 
0 m 
d 
2 
I4 
0 
0 
I 
rl 
h 
m 
l-4 
n 
L n  
(v 
v) 
aJ c 
M s I I 
In 
Ll 
aJ 
U 
-4 
n 
$ 
H -  
-- 
:I 00" 
$1 3 u c  
2 
h 
l-4 
m m 
d 
W 
W 
cc"  "1 rl hl 0 W hl 0 
r( I 
n 
v) 
k c 
m 
+ 
v) 
h m a 
In 
aJ c 
M 
2 0 m 
N 
I I  I 
m 
m 
m 
d 
In o m  W 
L 
v) 
.rl I 
~- 
In 
In cv 
h 
l-4 
v) II 
Ll 
n 
ln 
h 
2 
ln m m . 
W 
rl 
hl 
4 
0 
0 
0 
0 . 
I I I 
e -  
" *  
12. 
SOLAR ELECTRIC MflRS ORBITER 1971 
LflUNCH ON MRY 8.1971 
FLIGHT TIME 231 DRYS 
FIGURE 2 
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SOLRR ELECTRIC MRRS ORBITER 1973 
LAUNCH ON JULY 19,1973 
FLIGHT TIME 290 DRYS 
14. 
FIGURE 3 
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SOLFlR ELECTRIC MRRS ORBITE3 1975 
LRUNCH ON RUG 17,1975 
FLIGHT TIME 900 DRYS 
c 
FIGURE 4 
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SOLRR ELECTRIC MARS ORBITER 1977 
LBUNCH ON SEP 6,6977 
FLIGHT TIME 931 DflYS 
FIGURE 5 
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SOLRR ELECTRIC MARS ORBITER 1979 
' %  LRUNCH ON OCT 1.1979 
FLIGHT TIME 906 DRYS 
FIGURE 6 
21. 
So la r  E l e c t r i c  J u p i t e r  Flyby - I n i t i a l  Mode 
Ea r th  Departure Conditions:  
I n i t i a l  t o t a l  spacecraf t  mass 
Hyperbolic excess ve loc i ty  
(Vis-viva energy 
Propuls ion sys  t e m  s p e c i f i c  mass 
E l e c t r i c  power a t  1 AU 
Propuls ion system mass 
E f f e c t i v e  j e t  v e l o c i t y  
Ef f i c i ency  ( j e t  power /e lec t r ic  power) 
I n i t i a l  a c c e l e r a t i o n  
I n i t i a l  t h r u s t  angle  
Thrus t Off Conditions : 
Time 
Thrust  angle  
Thrust  f a c t o r  
7 7 7  kg 
3.755 km/sec 
14 .1  km2/ sec2) 
30.0 kg/kwe 
10.0 kwe 
300 kg 
31.8825 km/sec 
0.530 
106.5 degrees  
4 . 2 8 ~ 1 0 ' ~  m/ s e c  2 
545.4 days 
20.49 degrees  
0.08985 
A r r i v a l  Condi t ions (Cross J u p i t e r ' s  O r b i t ,  5.2 AU): 
F l i g h t  t i m e  900 days 
He l iocen t r i c  f l i g h t  angle  3.889 r a d i a n s  
165.38 kg P rope l l an t  mass used 
N e t  spacec ra f t  mass 311.62 kg 
Radia l  v e l o c i t y  r e l a t i v e  t o  J u p i t e r  3.510 km/sec 
Tangent ia l  v e l o c i t y  r e l a t i v e  t o  J u p i t e r  -4.607 km/sec 
Hyperbolic excess v e l o c i t y  a t  J u p i t e r  5.792 km/sec 
E l e c t r i c  power a t  J u p i t e r  0.606 kwe 
The correspcmding depar ture  and a r r i v a l  d a t e s  f o r  the  1974-1978 
launch e r a  are: 
Depart E a r t h  Orbi t  Arr ive  J u p i t e r  O r b i t  
Mar 28, 1974 Sep 13, 1976 
May 4 ,  1975 Oct 20, 1977 
Jun 7 ,  1976 Nov 24, 1978 
J u l  10, 1977 Dec 2 7 ,  1979 
Aug 11, 1978 Jan 27, 1981 
FIGURE 7 shows a p l o t  of the t r a j e c t o r y  and FIGURE 8 gives  
t r a j e c t o r y  p r o f i l e  curves  f o r  t h i s  mission. 
I n  the next  per iod ,  a l though the p re sen t  program which is i n  
p o l a r  coord ina tes  is l imi t ed  t o  two-dimensional t r a n s f e r s ,  we w i l l  be 
a b l e  t o  use "ac tua l f f  o r b i t s  with p l ane ta ry  ephemerides and spec i fy  the 
e 
depa r tu re  d a t e s  f o r  var ious  f l i g h t  t i m e s .  The program w i l l .  optimize 
the  power level,  e f f e c t i v e  j e t  v e l o c i t y  and o t h e r  launch veh ic l e s  and 
, -  . c. 
0 . .  
22. 
\ 
N 
Orbit of Jupiter \ 
. 
Optimum Heliocentric Jupiter Fly by of a Solar Electric Propelled Spcacecruft 
- *Y 
Vej' *31.8825 ktur/SoC 
Wmo = 0 . 4 2 6 ~ 1 d ~ m / s c c  
Depart on May4,1975 
Travel Time 900 days 
I *. 
. 
FIGURE 7 
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24. 
technology w i l l  be assumed. 
o t h e r  c o n s t r a i n t s  w i l l  be included. 
C. Other Mission Studies  
Addit ional  d e t a i l s  such a s  s p a c e c r a f t  and 
The c h a r a c t e r i s t i c s  of s o l a r  e l e c t r i c  propuls ion  have led t o  the 
sea rch  for o t h e r  missions t h a t  lend themselves s p e c i a l l y  t o  t h i s  new 
technology. Prospect ive missions w i l l  be d iscussed  i n  the  next  r e p o r t  
a8 candida tes  for i nc lus ion  i n  our  s tud ie s .  
c .  
. . 
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PRIMCE TON LFIIVERS ITY 
Department of Aerospace and Mechanical Sciences 
As of 1 October 1966 
AEROSPACE SYSTEMS AND MISSION AHALYSIS RESEARCH (ASMAR) PROGRAM 
Personnel L i s t  
0 
'1 
Adminis t ra t ive 
Space f l igh t  
Tra i e c  t o r y  
Analysis  
Re  s e a rch  
Aerospace 
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R e  s ea rch  
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J. P. Layton, Research Leader 
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( , Pro jec t  Sec re t a ry  
P. M. Lion, Asst. Prof. ( A s s t .  Res. Ldr.) 
A. E. Miller, Programmer 
G. A. Hazelrigg, Grad Student  (PhD Cand) 
S. M. Rocklin, Grad Student  (MSE Cand) 
J. P. P e l t i e r ,  Grad Student  (MSE Cand) 
M. Minkoff, Grad Fellow (MSE Cand) 
R. A. Phi l ips ,  Undergraduate Student  '67 
J. P. Layton, Senior  Research Engineer 
R. Vichnevetsky, V i s i t i n g  Research S c i e n t i s t  
P. M. Williams, Research S t a f f  Member 
M. J. Flynn, Undergraduate Student  '67 
J. P. 
J. S. 
E. J. 
A. B o  
J. E. 
Layton, Senior  Research Engineer 
Shulzycki , Programer  
Wood, Grad Fellow (MSE Cand) 
Kerr, Undergraduate Student  '67 
Sarton, Undergraduate Student  ' 68  
Consul tants :  
L. Crocco, Professor  
D. Graham, Professor  
J. Grey, Associate  Professor  
R. G. Jahn, Associate  Professor  
R. A. Phinney, Associate  Professor  
M. Handelsman, Professor  (Drexel) 
A. E. Bryson, Professor  (HarvardlMIT) 
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APPENDIX C :  Pr ince ton  Univers i ty  Computer Center Capab i l i t y  and Planning, 
A s  of 1 A p r i l  1966 
Professor  Edward J. McCluskey, who i s  the  d i r e c t o r  of the Computer 
Center ,  w i l l  be replaced by M r .  Roald Buhler, c u r r e n t l y  an a s s i s t a n t  d i r e c t o r ,  
a s  of 1 J u l y  1966. M r .  Hale F. T r o t t e r  i s  the a s s o c i a t e  d i r e c t o r  and 
programming manager; M r .  Theodore A. Dolot ta  i s  an  a s s i s t a n t  d i r e c t o r ;  
M r .  Edward G. Aubin, Jr . ,  a s s i s t a n t  t o  the  d i r e c t o r ;  Messrs. R. Baumberg, 
A. M. Jones ,  Jr. and L, Young a r e  programming s t a f f  members; and M r .  A. B. Adams - 
is  ope ra t ions  manager. 
Thc Pr ince ton  Univers i ty  Computer Center comprises a l l  of t he  
stored-program computer i n s t a l l a t i o n s  on campus. The major i n s t a l l a t i o n ,  which 
i s  loca ted  i n  the Engineering Quadrangle,  inc ludes  a n  I B N  1410.computer, a n  
I B M  7094 computer w i th  an  assoc ia ted  cathode r ay  tube d i s p l a y  system, and a n  
I B M  7044-1401 computer system. A t  the F o r r e s t a l  Research Campus the re  i s  an  
I B M  1410 computer system a t  the  Plasma Physics Laboratory,  and 133l 360 model 40 
computer a t  the Princeton-Pennsylvania Acce lera tor ,  and an  I B N  1620 computer 
i n  the  Guggenheim Labora tor ies  f o r  the Aerospace Propuls ion Sciences.  I n  
add i t ion ,  the  Computer Center adminis te rs  twenty hours per  week of Un ive r s i ty  
use  of  a CDC 1604 computer owned by the  I n s t i t u t e  f o r  Defense Analyses and 
housed i n  von Neumann Hall ad jo in ing  the  campus. 
An I B M  system 360/50 w i l l  be i n s t a l l e d  on main campus i n  the  l a t te r  
ha l f  of 1966. 
system i n  the summer of.1967 a t  which time the  Computer Center w i l l  occupy 
a new bui ld ing .  
This  360/50 w i l l  be replaced by an I B M  360/67 twin processor  
, 
i A l l  of the  computers a r e  a v a i l a b l e  only t o  Univers i ty  s t u d e n t s  and s t a f f .  No charges are eve r  made €or  computer t i m e .  There 8re oppor tuniz ies  f o r  
any s t u d e n t . o r  s t a f f  member t o  opera te  each of t h e  Computers h imsel f ,  and 
s p e c i a l  ope ra to r s  are normally provided only a t  t he  Engineering Quadrangle 
i n s t a l l a t i o n .  
of s p e c i f i c  programming languages and a ' d a i l y , c l i n i c  i s  conducted by a s t a f f  
member t o  provide ind iv idua l  he lp  f o r  s p e c i f i c  problems. It i s  the  respons i -  
b i l i t y  of the problem o r i g i n a t o r  t o  c a r r y  out  the  d e t a i l e d  p repa ra t ion  of h i s  
program. 
The Computer Center s t a f f  p rovides  t r a i n i n g  seminars on the  lis2 
